The dependence of the first critical field of long linear and annular Josephson junctions on the width of the surrounding stripline, the so called idle region, is investigated experimentally. The stripline modifies the effective Josephson length eff in the junction. The experimental data are compared with the theory by Caputo et al. ͓J. Appl. Phys. 85, 7291 ͑1999͔͒ and good agreement is found. The dependence of the first critical field on the width of the surrounding stripline can be well explained using the same eff for both annular and linear junctions.
I. INTRODUCTION
A Josephson junction is formed by two superconductors separated by a thin oxide layer allowing the tunneling of electrons.
1-3 Long Josephson junctions, i.e., junctions with one dimension larger than the Josephson length J , 3 are of interest for both basic and applied physics. Long Josephson junctions offer the possibility of studying solitons that account for magnetic flux quanta moving along the tunnel barrier. 4 Long annular Josephson junctions are especially unique devices for this purpose, because they allow for solitons to be studied without collisions with boundaries. 5 Solitons can be trapped, e.g., during the normal-superconducting transition. In the superconducting state trapped solitons cannot disappear and only soliton-antisoliton pairs can be created. 6 If only one soliton is trapped in an annular junction, it will suffer neither boundary reflections nor collision with other solitons, so unperturbed soliton motion can be studied. 6 A Josephson soliton is-among other properties-an electromagnetic pulse. When solitons arrive periodically at the free end of a linear junction, radiation in the microwave or millimeter-wave region of the electromagnetic spectrum is emitted, which leads to applications of long Josephson junctions as oscillators. 7 The maximum possible superconducting current, that is the critical current I c , of a Josephson junction depends on the external magnetic field. 2, 3, 8 In weak magnetic fields long Josephson junctions behave like weak superconductors and show the Meissner effect. 9 In this regime the critical current decreases linearly with the external field. 10 This behavior exists until a critical field H c 1 is reached. At this field solitons in the form of magnetic fluxons can overcome the edge barrier and penetrate into the junction. 10 For a long linear Josephson junction the first critical field is
where 
where ⌽ 0 is the flux quantum, j c is the critical current density, and
Typical fabrication processes for high quality Josephson tunnel junctions in Nb/Al technology use anodic oxidation or SiO x deposition for insulation. This leads to an overlap between the lower and upper electrode, resulting from the oversized dimensions of the Nb layers. 12, 13 To avoid short circuits the two electrodes are separated by an insulator that is thicker than the junction barrier. This part of the junction, called the passive or idle region because no tunneling through it is possible, forms a superconducting stripline surrounding the Josephson junction. A Josephson junction with an idle region is also often called a window junction. Window junctions have an advantage over ordinary junctions because of a more uniform and better controlled oxide barrier. 14 The idle region affects both the dynamic and static properties of the Josephson junctions. 12, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In this article we investigate experimentally the influence of the width of the idle region on the critical current versus magnetic field dependence of long linear and annular Josephson junctions and compare our data with the existing theory. 21, 23 In Sec. II experimental data for linear ͑straight͒ and annular ͑ring-shaped͒ junctions with various idle regions are presented. These data are compared with theoretical predictions in Sec. III. The dependence of the first critical field for long linear Josephson junctions has been studied before 12, 13, 15 but not compared with theory because, at the time when the data were obtained, the theory was not yet completely developed. For annular Josephson junctions the dependence of the critical field on the idle region has not been studied until now.
a͒ Author to whom correspondence should be addressed; electronic mail: franz@physik.uni-erlangen.de A schematic top view of a linear junction with symmetric lateral and longitudinal idle areas is shown in Fig. 1͑a͒ . In Fig. 1͑b͒ a top view of an annular junction with a symmetric idle region is shown. In the following all quantities related to the active Josephson region are labeled with an index 1, and all quantities related to the passive idle region are labeled with an index 2. For an annular junction with a symmetric idle region the junction width is given by w 1 ϭr e1 Ϫr i1 and the idle width is given by w 2 ϭr e2 Ϫr e1 ϭr i1 Ϫr i2 .
A cross section in the direction perpendicular to the long dimension of a junction with an idle region is shown in Fig.  2 . Here, t 1/2 is the thickness of the insulator in the Josephson and the idle regions, respectively; ⑀ 1/2 is the relative dielectric constant of the two barriers, respectively.
Lateral and longitudinal idle areas play different roles for long linear junctions. 19 The lateral idle region leads to an increase of the velocity of linear waves, [17] [18] [19] while the longitudinal passive region acts as a lumped capacitance that loads the Josephson junction. 19 The lateral idle area also introduces an effective Josephson length, which is due to a rescaling of the Josephson length of a bare junction. 21 The effective Josephson length for a junction with small lateral idle regions was calculated in Ref. 21 using a variational approach for the free energy. The result obtained is
where L 1 * and L 2 * are the specific inductances of the active and passive regions, respectively, with tion with the same dimensions but without an idle region. A good agreement was found by substituting eff instead of J into Eq. ͑1͒. Numerical simulation shows that H c 1 decreases inversely as eff . 23 In Ref. 22 the critical current diffraction patterns of short linear junctions were investigated experimentally and the rescaling of the Josephson length was found intuitively.
II. EXPERIMENTAL DATA
From the experimental data the first critical field is determined by linearly extrapolating the branch starting at the maximum zero field critical current to Iϭ0, as shown in Fig.  3 . The decrease of the first critical field H c 1 in the presence of an idle region was first observed experimentally for long linear Josephson junctions by Thyssen et al. 12, 13 In Fig. 4 the diffraction patterns of three linear junctions of the same length l 1 ϭ350 m and width w 1 ϭ20 m but different idle widths w 2 ϭ10 m, w 2 ϭ60 m, and w 2 ϭ150 m are shown. These data are taken from Ref. 15 .
It is observed that the critical current at zero field increases with increasing idle region. 12, 13 This effect can be explained by a more homogeneous current distribution due to the idle region, which reduces the self field generated by the bias current. 15 Similar behavior is also observed in our measurements of annular Josephson junctions presented below. With increasing idle width w 2 the first critical field decreases and the critical current at zero field increases. Figure 5 shows the diffraction patterns of two annular Josephson junctions with different idle widths.
To systematically study the influence of the idle region on the diffraction patterns two series of linear and two series of annular junctions were measured ͑see Tables I and II͒. In each series all parameters are the same, except for the width of the idle region w 2 , which is varied. All annular junctions were prepared on the same chip using Hypres 25 technology
with a nominal critical current density of 1000 A/cm 2 . Accordingly, the Josephson length is approximately 10 m at 4.2 K. In the linear junctions of the set LIN1 the critical current density is j c ϭ245 A/cm 2 and thus J ϭ20 m; in the set LIN2 j c ϭ210 A/cm 2 and thus J ϭ21 m.
15
All samples were measured directly in a bath of liquid helium at a temperature of 4.2 K using battery powered current sources for the bias current and magnetic field. The junctions were surrounded by a cryoperm shield for protection against external magnetic fields. Inside the shield a coil was used for applying a magnetic field. The magnetic field was parallel to the bias leads.
The dependence of the first critical field on the idle width for the two sets LIN1 and LIN2 of linear junctions is shown in the inset of Fig. 6 . According to the theory of Caputo et al. 21, 23 in the limit of the small idle region, the first critical field should depend only on the ratio w 2 /w 1 . This is confirmed by our experiments. Plotting the measured critical field of the two sets LIN1 and LIN2 against the ratio w 2 /w 1 , all data points lie within the experimental error on a single curve ͑see Fig. 6͒ . Thus, no geometrical effect on H c 1 other than the ratio of w 2 /w 1 is evident. The dependence of the first critical field on the width of the idle region H c 1 (w 2 ) is shown for the annular junctions in the inset of Fig. 7 . Again we find a strong dependence of H c 1 on the idle width, similar to that for linear junctions. Plotting H c 1 (w 2 ) against the ratio w 2 /w 1 , one finds that all data points show, within the experimental error, a universal de- m, w 1 ϭ20 m ͑set LIN1͒ and l 1 ϭ450 m, w 1 ϭ10 m pendence on this ratio, as can be seen from Fig. 7 . Therefore, in the limit of small idle width the first critical field depends only on the ratio of w 2 /w 1 for annular Josephson junctions with the same mean radius r. where and are the phase differences in the junction and idle region, respectively. Equations ͑5a͒ and ͑5b͒ are coupled via the boundary conditions. The boundary conditions between active and passive region are
III. COMPARISON BETWEEN THEORY AND EXPERIMENT
and on the external surface ‫ץ‬ ‫ץ‬n ϭL 2 *I ext
where ‫‪n‬ץ/ץ‬ is the outward normal derivative and I ext is due to the external bias current or the applied magnetic field. From these equations one can obtain a one-dimensional ͑1D͒ integro-differential equation by assuming a narrow window and integrating the 2D sine-Gordon equation over the width of the window. 23 Supposing that the phase does not vary over the size w 1 , it can be integrated over the window and will only depend on the x dimension ͑x ͒ϭ
͑x,y ͒dy. ͑8͒
In the limit of small idle width, the integro-differential equation obtained reduces to where eff is given by Eq. ͑3͒. For larger idle width the resulting integro-differential equation is calculated from a variation of the free energy. 23 In the case of infinitive idle width (w 2 →ϱ) the effective Josephson length is
No analytical expression for eff exists for arbitrary idle width and the effective Josephson length has to be calculated numerically in such a case. The prediction of Eq. ͑4͒ can be checked by plotting the first critical field versus the reciprocal normalized effective Josephson length for all measured junctions. From Eq. ͑3͒ it follows that the effective Josephson length, in the limit of small idle width, and thus also H c 1 , depend only on the ratio w 2 /w 1 . In Fig. 8 the first critical field is plotted versus the reciprocal normalized effective Josephson length for the two sets of linear junctions from Ref. 15 . The straight line in Fig. 8 is a linear fit of all data points. The standard deviation in the fit is about 3%.
In the following we apply the theory 21, 23 developed for linear junctions to annular junctions. The first critical field for the two sets of annular junctions ANN1 and ANN2 is plotted in Fig. 9 versus the reciprocal normalized effective Josephson length calculated from Eq. ͑3͒. The standard deviation of the fit is about 10%. It can be seen from Fig. 9 that for annular Josephson junctions with small idle region the effective Josephson length also seems to be well described by Eq. ͑3͒. The dependence of the first critical field on the ratio w 2 /w 1 should be explained by the same theory as for linear junctions. 26 The reason is that the Josephson region w 1 Ͻ J can be viewed as one dimensional and the universal scaling must persist.
In Ref. 23 eff has been calculated only for the inductance ratio L 2 */L 1 *ϭ1. The two limiting cases, Eqs. ͑3͒ and ͑10͒, have been calculated in Ref. 21 for arbitrary inductance ratio. For our junctions the inductance ratio is about 1.7. For larger but not infinitive idle regions a second order correction should be taken into account. 27 As mentioned before, Eq. ͑3͒
is derived as a limiting case for small idle regions. 21, 23 It is not possible to give an analytic expression for arbitrary idle regions. From the integro-differential equation 23 the second order correction for the effective Josephson length eff is given by the implicit formula
We have calculated the first and second order corrections for the annular junctions ANN1. The largest idle width from this series is w 2 ϭ30 m. As can be seen from Fig. 10 , the second order correction for this value of w 2 is about 2% and thus smaller than the experimental uncertainty and, therefore, cannot be seen in the experimental data. The same is valid for all other junctions used in our experiments. 
IV. SUMMARY AND CONCLUSION
The presence of an idle region changes the effective Josephson length by a large factor. Thus, the idle region drastically changes the static and dynamic properties of long Josephson junctions. The dependence of the measured first critical field on the idle region size for long Josephson junctions is well explained by using the effective Josephson length eff instead of J as predicted in Refs. 21 and 23. The first critical field decreases inversely as the effective Josephson length. We have found excellent agreement between experiment and theory for both linear and annular Josephson junctions.
